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DETERMINATION OF THE TEMPERATURE AND ISOTOPIC COMPOSITION

OF THE GLACIAL OCEAN1
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ABSTRACT

Oxygen isotope measurements of interstitial waters from Ocean Drilling Program Leg 154, sampled at high resolution from
Sites 925 and 929, are used to reconstruct the oxygen isotopic composition of deep water during the last glacial maximum
(LGM). The data from both sites show an increase with depth, predicted by modeling the diffusion of water through the sedi-
ment, although only data from Hole 925E are appropriate for calculating the composition of seawater during the LGM. Using a
numerical model to simulate diffusion of water in the sediments, we obtained a glacial-interglacial change in the d18O of seawa-
ter at Site 925 of 0.8 ± 0.1ä. This implies that the bottom water at Site 925 cooled by approximately 4ûC during the LGM.
Although these data from a single site do not represent a global average, we suggest that the substantial cooling of deep water at
Site 925 is consistent with a global average change in the d18O of seawater of 1.0ä. This value is within the limits imposed by
the freezing point of seawater and is more consistent with estimates of the d18O of continental ice during the glacial maximum.
In addition, a lower contribution from ice volume to the change in d18O of planktonic foraminifers allows for 1û-2û additional
cooling in the tropics during the LGM, partially reconciling the foraminiferal oxygen isotope record of tropical sea surface tem-
peratures with estimates from Barbados corals and terrestrial climate proxies.
INTRODUCTION

Pleistocene oxygen isotope records of foraminifers in deep sea
sediments reflect changes in ocean temperature and in the oxygen
isotopic composition of seawater (d18Osw) over glacial cycles. Cool-
ing during glacial episodes increases the mass-dependent fraction-
ation of oxygen isotopes between water and calcite, resulting in high-
er d18O values of carbonate microfossils. The growth of large ice
sheets on continents enriches seawater in 18O, which also results in
higher d18O values for carbonate microfossils. Determining how
much each of these components contributes to the total change in
d18O of foraminifers since the last glacial maximum (LGM), which
for benthic foraminifers averages 1.7ä (Broecker, 1986), is an im-
portant step toward understanding Pleistocene climate change.

Schrag and DePaolo (1993) presented a method for determining
the ice volume component of the carbonate d18O record interstitial
waters from deep sea sediment. The changes in d18Osw caused by
changes in continental ice volume represent a periodic upper bound-
ary condition for the sediment-interstitial water system. These chang-
es diffuse down from the seafloor, leaving a profile of d18O vs. depth
in the interstitial water that is a record of the d18O history of the over-
lying seawater. The magnitude of the self-diffusion of water in deep-
sea sediments is such that modern interstitial water preserves little
record of the d18O history of the ocean at the frequency of glacial cy-
cles, except for the large d18O shift associated with the last deglacia-
tion. Because oceanic deep water is isotopically less variable than
surface water, this method eliminates the uncertainties associated
with previous determinations that measured surface water d18O vari-
ations (Fairbanks and Matthews, 1978; Shemesh et al., 1992).
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Schrag and DePaolo (1993) calculated a glacial-interglacial
change in d18Osw of 1.0 ± 0.25ä using interstitial water data from
Deep Sea Drilling Project (DSDP) Site 576 in the western Pacific
(McDuff, 1985), although the precision of the calculation was limited
by poor sampling resolution (1 sample every 9 m) and low analytical
precision (± 0.1ä). During Leg 154, interstitial waters were sampled
from every section in the first 50 m for two holes (925E and 929A) to
improve this determination with higher resolution data. In this paper,
we present oxygen isotope data on all interstitial water samples col-
lected during Leg 154, focusing primarily on Hole 925E.

ANALYTICAL PROCEDURE

Interstitial waters were squeezed from whole round samples from
all sites following standard ODP procedures. Glass ampules contain-
ing 5 cm3 of each sample were sealed and transported to the Princeton
Stable Isotope Laboratory for analysis. Samples from Hole 925E
were divided in two, and both splits were loaded into glass vessels for
analysis using a modified VG Isoprep18 automated Shaker/Equili-
brator. All other samples were analyzed once. Samples were equili-
brated with approximately 100 mmol of CO2 at 25ûC for 24 hr before
analysis on a VG Optima gas source mass spectrometer. Following
analysis, samples from Hole 925E were equilibrated with a fresh in-
jection of CO2 and re-analyzed. This method provides four replicate
analyses for each sample from this hole. Standard deviations based
on the four replicates of each sample from Hole 925E range from
0.01ä to 0.05ä (Table 1). The overall precision is 0.03ä, calculat-
ed as the standard deviation (1s) of 30 replicate analyses of standard
water analyzed at the same time as the interstitial water samples. The
accuracy of the reported values relative to SMOW is 0.05ä based on
calibration of our in-house standard water with VSMOW. Data from
all sites other than 925E are presented in Table 2.

RESULTS

The data from all sites are presented in two graphs in Figure 1,
with one showing all values and the other showing an expanded view
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Table 1. Oxygen isotope data for interstitial water from Hole 925E. 

Notes: Numbers 1–4 are indicative of the four replicate measurements at this hole. SD = standard deviation

Core, section, 
interval (cm)

Composite 
depth
(mcd)

δ18O (1)
(‰ SMOW)

δ18O (2)
(‰ SMOW)

δ18O (3)
(‰ SMOW)

δ18O (4)
(‰ SMOW)

δ18Omean
(‰ SMOW)

SD
(± 1σ)

154-925E-
1H-1, 145−150 1.43 0.01 −0.07 0.01 −0.04 −0.02 0.04
1H-2, 145−150 2.93 −0.04 0.00 −0.03 −0.02 −0.02 0.02
1H-3, 145−150 4.43 −0.01 −0.01 −0.02 −0.04 −0.02 0.01
1H-4, 145−150 5.93 0.01 0.01 −0.06 0.01 −0.01 0.03
2H-1, 145−150 9.28 −0.01 0.02 −0.06 0.02 −0.01 0.04
2H-2, 145−150 10.78 0.04 0.00 0.02 −0.01 0.01 0.02
2H-3, 145−150 12.28 0.06 0.06 0.03 0.06 0.05 0.02
2H-4, 145−150 13.78 0.05 0.05 0.03 0.06 0.05 0.01
2H-5, 145−150 15.28 0.03 0.08 0.05 0.04 0.05 0.02
2H-6, 145−150 16.78 0.11 0.08 0.09 0.02
3H-1, 145−150 20.47 0.16 0.19 0.18 0.19 0.18 0.02
3H-2, 145−150 21.97 0.16 0.17 0.17 0.18 0.17 0.01
3H-4, 145−150 24.97 0.16 0.21 0.16 0.22 0.19 0.03
3H-5, 145−150 26.47 0.15 0.22 0.16 0.23 0.19 0.04
3H-6, 145−150 27.97 0.17 0.17 0.17 0.00
4H-1, 145−150 30.62 0.17 0.22 0.18 0.20 0.19 0.02
4H-2, 145−150 32.12 0.17 0.16 0.17 0.20 0.18 0.02
4H-3, 145−150 33.62 0.21 0.24 0.22 0.24 0.23 0.01
4H-4, 145−150 35.12 0.17 0.20 0.19 0.20 0.19 0.01
4H-5, 145−150 36.62 0.18 0.11 0.23 0.11 0.16 0.05
4H-6, 145−150 38.12 0.15 0.07 0.06 0.13 0.10 0.04
5H-1, 145−150 41.54 0.03 0.03 0.10 0.11 0.07 0.04
5H-2, 145−150 43.04 −0.03 −0.01 0.05 0.01 0.00 0.03
5H-3, 145−150 44.54 0.09 0.08 0.08 0.10 0.09 0.01
5H-4, 145−150 46.04 0.06 0.10 0.07 0.11 0.08 0.02
5H-5, 145−150 47.54 0.07 0.05 0.07 0.05 0.06 0.01
5H-6, 145−150 49.04 0.03 0.05 0.04 0.11 0.06 0.03
6H-1, 145−150 53.24 0.00 0.01 0.00 0.05 0.01 0.02
6H-3, 145−150 56.24 0.05 0.05 0.07 0.01 0.04 0.02
6H-5, 145−150 59.24 −0.04 −0.02 −0.04 −0.04 −0.04 0.01
6H-6, 145−150 60.74 −0.03 0.02 0.04 0.00 0.01 0.02
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of the data in the top 60 m. The δ18O values at the top of the holes ex-
hibit a systematic decrease with increasing water depth. Sites 925,
926, and 927, the shallower of the sites, have the highest δ18O values
at the tops of the holes, consistent with the more dominant influence
of North Atlantic Deep Water (NADW) at shallower depths, which is
enriched in 18O relative to Antarctic Bottom Water (AABW). The
deeper sites, 928 and 929, have the lowest values, typical of greater
influence of AABW.

Data from all sites show an increase in δ18O with depth over the
first 50 m, as predicted from the above discussion of the diffusion of
the higher δ18O water from the LGM. Because the sampling resolu-
tion is low at Sites 926, 927, and 928, it is difficult to evaluate the
magnitude of the increase with these data. For the two sites sampled
at higher resolution, only Site 925 shows a clear trend. Data from Site
929 are scattered; δ18O values of samples from sections 1 and 4 in
each core are approximately 0.5‰ lower than samples from o
sections in the same core. These samples were squeezed imme
following the core retrieval and may have been contaminated wit
deionized water used to clean the squeezers. Because of this po
sampling artifact at Site 929, only data from Site 925 are used to
culate δ18Osw during the LGM. This problem emphasizes the care 
must be employed to obtain samples for high precision analys
stable isotopes on interstitial waters.

Following the increase through the first 50 m, the δ18O values de-
crease at all sites, which correlates with an increase in Ca and
crease in Mg (Curry, Shackleton, Richter, et al., 1995). This pa
is typical of interstitial waters from ODP sites in general and ca
attributed to low temperature alteration of basaltic basem
(McDuff and Gieskes, 1976; Lawrence and Gieskes, 1981). The
a systematic decrease in slope of the δ18O-depth profiles with increas
ing water depth. This may be due to more rapid basalt alterati
deeper sites which, being away from the crest of the Ceara Rise
have higher temperatures at basement.
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THE δ18O OF SEAWATER DURING THE LGM

To calculate δ18Osw during the LGM, we examined data from Site
925 in Figure 2. As discussed above, there is a peak in δ18O with
depth occurring between 20 and 35 m. The δ18O values are constant
at −0.02‰ in the first 7 m, perhaps due to drilling disturbance. From
10 to 20 m, the δ18O values increase to 0.18‰, followed by a plateau
from 20 to 35 m. Below 35 m, the δ18O values decrease to a minimum
of −1.80‰ at a depth of 607 m.

Modeling Approach

Model calculations similar to those described by Schrag and D
Paolo (1993) are used to calculate a glacial-interglacial change
δ18Osw from the interstitial water profiles. The parameters that var
between calculations are the advective velocity and the glacial-inte
glacial change in δ18Osw. Sedimentation and chemical reaction are no
considered because they are too slow over the time period of inter
to affect the calculations. We use diffusion coefficients from mea
sured values of the self-diffusion of water (Simpson and Carr, 1958
adjusted for tortuosity using the square of the porosity and a botto
water temperature of 3°C (Curry, Shackleton, Richter, et al., 1995
Based on measured values, the δ18O of the interstitial water at the
lower boundary is fixed at −0.75‰ at a depth of 200 m; the recon-
structed glacial-interglacial change in δ18Osw is not sensitive to slight
changes in this lower boundary condition. To simulate the period
change in δ18Osw with time at the sediment-water interface, we use
benthic δ18O records for ODP Site 677 (Shackleton and Hall, 1989
and Core V19−30 (Shackleton and Pisias, 1985). We assume that t
relative contributions of temperature and δ18Osw to the benthic δ18O
records are constant with time and adjust the amplitude of tho
records for multiple calculations with glacial-interglacial changes i
δ18Osw of 0.7‰, 1.0‰, and 1.3‰. We calculate the decrease in δ18Osw
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Core, section, 
interval (cm)

δ18O (‰ 
SMOW)

Composite 
depth 
(mcd)

154-925A-
3R-2, 140−150 −1.12 349.69
6R-2, 140−150 −1.23 374.34
9R-3, 140−150 −1.32 404.74
12R-2, 140−150 −1.44 432.04
15R-3, 140−150 −1.52 462.44
18R-3, 140−150 −1.52 491.34
22R-3, 140−150 −1.60 529.84
26R-4, 140−150 −1.75 568.74
30R-3, 140−150 −1.80 606.94

154-925B-
8H-3, 145−150 −0.02 70.06
11H-3, 145−150 −0.29 103.72
14H-3, 145−150 −0.42 135.29
17H-3, 145−150 −0.62 166.87
20H-3, 145−150 −0.75 198.03
23H-3, 145−150 −0.94 232.96
26H-3, 145−150 −0.95 264.73
29H-3, 145−150 −1.00 296.82
32H-3, 140−150 −1.10 330.76

154-926A-
1H-2, 145−150 0.16 3.01
2H-3, 145−150 0.19 10.75
3H-3, 145−150 0.22 19.04
4H-3, 145−150 0.24 30.03
5H-3, 145−150 0.22 40.36
6H-3, 145−150 0.07 50.52
9H-3, 145−150 −0.16 84.49
12H-3, 145−150 −0.33 115.81
15H-3, 145−150 −0.50 148.76
18H-3, 145−150 −0.60 180.10
21H-3, 145−150 −0.77 211.64
24H-3, 145−150 −0.83 242.05
27H-3, 145−150 −1.12 274.66
30H-3, 145−150 −1.16 303.55
33H-3, 145−150 −1.28 332.05

154-926B-
36X-2, 140−150 −1.45 359.21
39X-3, 140−150 −1.46 389.71
42X-3, 140−150 −1.66 418.31

45X-3, 140−150 −1.72 447.31
54X-4, 135−150 −1.66 535.56
60X-3, 135−150 −2.12 592.06

154-927A-
1H-3, 145−150 0.07 4.76
2H-3, 145−150 0.12 14.86
3H-3, 145−150 0.16 24.82
4H-3, 145−150 0.17 35.38
5H-3, 145−150 0.09 45.16
6H-3, 145−150 −0.06 55.90
9H-3, 145−150 −0.43 87.44
15H-3, 145−150 −0.70 149.96
18H-3, 145−150 −0.84 180.43
21H-3, 145−150 −1.05 212.24
24H-3, 145−150 −1.08 242.86
27H-3, 145−150 −1.30 272.59
30H-3, 145−150 −1.38 303.51

154-928A-
1H-3, 145−150 −0.10 4.61
2H-3, 145−150 −0.08 13.31
3H-3, 145−150 −0.06 24.59
4H-2, 145−150 0.14 33.05
5H-3, 145−150 0.31 44.45
6H-3, 145−150 −0.28 54.90
9H-3, 145−150 −0.56 85.41
12H-3, 145−150 −0.79 116.35
15H-3, 145−150 −0.95 149.45
18H-3, 145−150 −1.05 182.46
21H-3, 145−150 −1.19 212.50
24H-3, 145−150 −1.38 241.20

154-928B-
31X-3, 140−150 −1.74 305.64
34X-3, 140−150 −1.91 331.84
37X-2, 140−150 −1.78 362.34
43X-4, 140−150 −2.51 422.39
49X-3, 140−150 −2.56 478.69
52X-3, 140−150 −2.09 507.69

154-929A-
1H-1, 145−150 −0.19 1.45

Core, section, 
interval (cm)

δ18O (‰ 
SMOW)

Composite 
depth 
(mcd)

1H-2, 145−150 −0.09 2.95
1H-3, 145−150 −0.41 4.36
2H-1, 145−150 −0.39 7.00
2H-2, 145−150 −0.07 8.50
2H-3, 145−150 −0.03 10.00
2H-4, 145−150 −0.33 11.50
2H-5, 145−150 −0.02 13.00
2H-6, 145−150 −0.08 14.50
3H-1, 145−150 −0.30 17.07
3H-2, 145−150 −0.11 18.57
3H-3, 145−150 −0.06 20.07
3H-4, 145−150 −0.26 21.57
3H-5, 145−150 −0.09 23.07
3H-6, 145−150 −0.11 24.57
4H-1, 145−150 −0.30 27.04
4H-2, 145−150 −0.11 28.54
4H-3, 145−150 −0.01 30.04
4H-4, 145−150 −0.43 31.54
4H-5, 145−150 −0.02 33.04
4H-6, 145−150 −0.10 34.54
5H-1, 145−150 −0.40 37.55
5H-2, 145−150 −0.16 39.05
5H-3, 145−150 −0.14 40.55
5H-4, 145−150 −0.49 42.05
5H-5, 145−150 −0.27 43.55
5H-6, 145−150 −0.55 45.05
6H-1, 145−150 −0.33 48.56
6H-2, 145−150 −0.62 50.06
6H-3, 145−150 −0.33 51.44
6H-4, 145−150 −0.31 53.06
6H-5, 145−150 −0.38 54.44
6H-6, 145−150 −0.36 55.94
12H-3, 145−150 −0.60 114.81
15H-3, 145−150 −0.77 143.88
18X-3, 145−150 −1.06 174.04
21X-3, 140−150 −1.18 204.65
27X-3, 140−150 −1.40 263.22
30X-3, 140−150 −1.81 291.72
33X-3, 140−150 −1.98 320.82
36X-3, 140−150 −2.60 349.82

Core, section, 
interval (cm)

δ18O (‰ 
SMOW)

Composite 
depth 
(mcd)

Table 2. Oxygen isotope data for interstitial waters.
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Figure 1. Oxygen isotope data on interstitial water from all sites vs. depth (mcd).
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Figure 2. Oxygen isotope data on interstitial water from Site 925 vs. depth (mcd). Error bars for data in the upper 70 m represent one standard deviation of four
replicate measurements (see Table 1).
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over the last 20 k.y. of simulated time from the Fairbanks sea level
curve (Fairbanks, 1989) using coral ages measured by U-Th disequi-
libria (Bard et al., 1990).

Figure 3 shows the comparison of the data with model results for
a calculation with no advection. A best fit to the data is obtained by
visual assessment for a glacial-interglacial change in δ18Osw between
0.7‰ and 0.8‰. Changing the diffusivity does not improve the fit.
higher diffusivity shifts the peak deeper in the hole and increases
attenuation of the signal; a lower diffusivity reduces the attenua
of the glacial-interglacial signal and implies a glacial-interglac
change in δ18Osw even smaller than 0.7‰. If upward advection is ad
ed to the system, the peak in the interstitial water δ18O-depth profile
is shifted upward, and the amplitude of the peak is attenuated, al
ing for larger changes in δ18Osw (Fig. 4). However, the data deeper 
the hole limit the magnitude of such flow. The δ18O gradient down to
570 m at Site 925 implies that advection, if present, is well below
advection velocity of 0.05 mm y–1 (Fig. 4A). If we assume that the
temperature of bottom water is constant from 115 ka to 20 ka, and
that changes in the benthic δ18O record reflect only changes in δ18Osw,
again of magnitude 0.7‰, 1.0‰, and 1.3‰, then a glacial-interg
cial change in δ18Osw of 0.9‰ will explain the data.

DISCUSSION

Overall, we estimate that the data from Site 925 are consis
with a glacial-interglacial change in δ18Osw of 0.8 ± 0.1‰. The gla-
cial-interglacial difference in δ18O values of benthic foraminifers in
the region of Site 925 is 1.8‰ (Curry and Lohmann, 1990). If the
volume component of that difference is 0.8‰, then the tempera
was 4°C colder during the LGM. As the modern potential tempe
ture at 3 km water depth near Site 925 is 3°C, the deep water du
the LGM cooled to within one degree of its freezing point.

A glacial-interglacial change in δ18Osw of 0.8 ± 0.1‰ is surprising
in that it is significantly different from the value of 1.3‰ that is ge
erally accepted as the global average (Guilderson et al., 1994; Ly
Stieglitz et al., 1994); it is also lower than the minimum value
1.1‰ given by Duplessy (1978). The value of 1.3‰ comes fr
work on Pleistocene corals from Barbados (Fairbanks and Matth
1978) and assumes that the change in tropical sea surface tempe
was negligible during initial stages of deglaciations, consistent w
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Figure 3. Comparison of interstitial water data and model calculations for
different glacial-interglacial changes in δ18Osw with no advection. The best
fit to the data is obtained for a change in δ18Osw of 0.7‰−0.8‰.
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Figure 4. Comparison of interstitial water data and model calculations for different glacial-interglacial changes in δ18Osw with three different advection veloci-
ties, 0.05 mm y–1 (A), 0.10 mm y–1 (B), and 0.20 mm y–1 (C). For advection greater than 0.05 mm y–1, the model curves do not reproduce the δ18O-depth gradi-
ent that persists to the base of the hole.
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the interpretation of CLIMAP that there was negligible net change in
sea surface temperature in the tropics during the LGM (CLIMAP
Project Members, 1981). However, Guilderson et al. (1994) report
that sea surface temperatures at Barbados were 4.5°−6° colder during
the LGM, based on the chemical and isotopic composition of cor
This is consistent with evidence from terrestrial climate prox
(Rind and Peteet, 1985; Stute et al., 1992; Porter, 1979; Webste
Streten, 1978; Van der Hammen, 1974). If Guilderson et al. (19
are correct, even if their conclusion applies only to sea surface 
peratures around Barbados, then it is likely that cooling contribu
to the change in δ18O of Pleistocene corals from Barbados and that 
maximum value of 1.3‰ is higher than the true global average
volume contribution to the Pleistocene oxygen isotope record.

If we assume that seawater in the deep ocean was not frozen
ing the LGM, the difference between modern deep ocean temper
and the freezing point of seawater is the maximum contribution 
temperature can make to the δ18O of foraminiferal carbonate, which
sets a lower limit on the change in δ18Osw. Duplessy (1978) uses this
strategy for a southern Indian Ocean site with bottom-water tem
ature of 0.6°C and a glacial-interglacial change in the δ18O of benthic
foraminifers of 1.65‰, setting the minimum glacial-interglaci
change in δ18Osw at 1.1‰. The problem with this approach is th
cooling of the deep ocean during the LGM need not be distribu
uniformly. A site in the southern Indian Ocean, currently affec
strongly by AABW, could experience minor cooling and have a la
er change in δ18Osw if net atmospheric transport of water toward th
poles was lower during the LGM. A site in the central Atlantic cou
tolerate substantially more cooling through a change from NADW
AABW, but experience a smaller change in δ18Osw.

To obtain a globally averaged estimate for the minimum cha
in δ18Osw, we use the compilation of benthic foraminiferal oxyge
isotope data from 20 sites of Broecker (1986). The average gla
interglacial difference in δ18O of benthic foraminifers for those 20
sites is 1.71‰, with relatively small variability (σ = 0.08‰). The wa-
ter depths at these sites range from 2 to 4 km with an average d
of 3 km. If the average potential temperature at a depth of 3 km
ls.
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the Pacific and Indian Oceans is 1.5°C, and the Atlantic is 2.
(Sverdrup et al., 1960), then the average potential temper
(weighted by area) for the world oceans at a depth of 3 km is 1.
This implies a maximum cooling of 3.5°C and a minimum aver
glacial-interglacial change in δ18Osw of 0.9‰ if seawater were every
where at its freezing point.

Clearly it is difficult to extrapolate from a single site to a globa
averaged estimate for the change in δ18Osw (i.e., the ice volume com
ponent of the benthic δ18O record). However, a conservative assum
tion would be that the Indian and Pacific Oceans were not wa
than the Atlantic during the LGM. The interstitial waters from S
925 suggest that the deep ocean in the tropical Atlantic at 3 km w
depth cooled by 4°C, within 1° of the freezing point of seawate
this is true for deep water in other ocean basins, then the global 
age change in δ18Osw since the LGM is approximately 1.0‰. Just 
the cooling of the deep ocean need not be distributed evenly bet
ocean basins, this average change in δ18Osw need not be uniform. Fo
example, if atmospheric transport of fresh water towards the An
tic were reduced, there would be a larger change in δ18Osw (and a
smaller change in temperature) in the Antarctic, consistent with
observations of Duplessy (1978), and slightly smaller changes i
Atlantic and Pacific.

A global average change in δ18Osw of 1.0‰ is also more consisten
with independent estimates for the isotopic composition of contin
tal ice during the LGM. If the average δ18Osw during the LGM were
1.0‰ higher than today rather than 1.3‰, it would require the a
age δ18O value of continental ice to be −32‰ rather than −42‰ (Fair-
banks, 1989), which agrees with the estimates of Olausson (1
Shackleton (1967), Dansgaurd and Tauber (1969), Mix and Ru
man (1984), and Mix (1987).

Another implication of a lower glacial-interglacial change 
δ18Osw is that it allows for greater cooling of the tropics during t
LGM. By assuming an ice-volume component of 1.3‰, δ18O records
of planktonic foraminifers imply that tropical sea surface tempe
tures were at most 2° colder during the LGM (Broecker, 1986), c
sistent with estimates from CLIMAP (CLIMAP Project Membe
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1981). If the contribution of continental ice to the carbonate oxygen
isotope record for the LGM is only 1.0ä as a global average, and as
low as 0.8ä for parts of the Atlantic, then d18O records of tropical
planktonic foraminifers can yield from 3ûC to 5ûC of cooling at the
LGM. This helps to reconcile tropical planktonic foraminiferal d18O
records with the coral d18O and Sr/Ca measurements of Guilderson et
al. (1994), and with terrestrial climate proxies including snow-line el-
evations (Porter, 1979; Webster and Streten, 1978), noble gases in
groundwater (Stute et al., 1992), and pollen records (Van der Ham-
men, 1974).

The pulse of high d18O interstitial water from the LGM, used here
to reconstruct d18Osw during the LGM in the tropical Atlantic, should
exist everywhere on the ocean floor where diffusion is the dominant
transport mechanism in interstitial waters. Future work with high-
resolution interstitial water sampling on ODP drilling legs could map
out spatial variability in d18Osw (and dD) during the LGM, both within
and between ocean basins. In addition, a similar modeling approach
could be applied to chloride data on interstitial waters to calculate the
salinity of the deep ocean during the LGM; this was not possible for
samples from Site 925 because of shipboard analytical difficulties.

SUMMARY

Interstitial waters from Site 925 in the tropical Atlantic indicate a
glacial-interglacial change in the d18O of seawater of 0.8 ± 0.1ä.
This implies that the deep ocean in the Atlantic cooled by 4ûC during
the LGM, which is consistent with greater dominance of AABW over
NADW. It also implies that the modern temperature contrast between
ocean basins was greatly reduced during the LGM. Although these
data from a single site do not represent a global average, we suggest
that the substantial cooling of deep water at Site 925 is consistent
with a global average change in the d18O of seawater of 1.0ä. This
value is within the limits imposed by the freezing point of seawater
and is more consistent with estimates of the d18O of continental ice
during the glacial maximum. In addition, a lower contribution from
ice volume to the change in d18O of planktonic foraminifers allows
for 1ûC to 2ûC additional cooling in the tropics during the last glacial
maximum over CLIMAP estimates, reconciling the foraminiferal ox-
ygen isotope record of sea surface temperatures with estimates from
Barbados corals and terrestrial climate proxies.
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